Introduction
Research in high-temperature sulfur chemistry has been motivated partly by the effect of sulfur species on flame characteristics and nitrogen chemistry and partly by the adverse effects of a high SO 3 /SO 2 ratio in the flue gas. During the combustion of sulfur-containing fuels, most of the sulfur is converted to sulfur dioxide (SO 2 ) but a small fraction is oxidized further to form sulfur trioxide (SO 3 ). The presence of SO 3 enhances the corrosion potential of the flue gas, 1 and it has implications for the formation of aerosols in biomass-fired systems. [2] [3] [4] The conversion of SO 2 to SO 3 is kinetically limited 1 . The reactions that may contribute to the formation of SO 3 involve the interaction of SO 2 with the radical pool. [5] [6] [7] In the presence of nitrogen oxides, there is a kinetic coupling of NO x and SO x chemistry via the radical pool. 5, 7 While the overall mechanisms for SO 3 formation are fairly well-known, kinetic modeling of the process still suffers from a lack of accurate kinetic data and refinements are required in order to establish a reliable mechanism. 4, 5 Flow reactor studies of SO 2 oxidation under post-flame conditions 5, 7 indicate fractional conversions of SO 2 to SO 3 of the order of a few percent. According to these studies, SO 3 formation occurs primarily through the reaction Direct measurements are available for this reaction in the 300-800 K range 8, 9 and for the reverse reaction, thermal dissociation of SO 3 , in the temperature range of 1700-2500 K. 10 Indirect determinations are available from flames [12] [13] [14] and shock tube experiments. 15 The rate constant increases with temperature at lower temperatures, peaks at around 750 K, and drops off as the temperature increases further. 9, 10 The positive temperature dependence below 750 K arises from a barrier of about 16 kJ/ mol to reaction, 9 while at higher temperatures the dominant effect becomes the limitations in collisional stabilization of the SO 3 / intermediate, causing a decrease in the reaction rate. A Rice-Ramsperger-Kassel-Marcus (RRKM) extrapolation of the low-temperature measurements is in good agreement with data for both the forward and backward reaction over a temperature range of 220-2500 K for Ar as collision partner. 9 Even above 1000 K the reaction is in the falloff region at atmospheric pressure. 7, 9 Reaction 1 is important not only for the formation of SO 3 in combustion systems but also in some industrial processes. In the reverse direction it is believed to be a rate-limiting step in the conversion of spent sulfuric acid to SO 2 . 11 Even though the rate constant for reaction R1 is probably known more accurately than most sulfur reactions, it is noteworthy that there are few measurements under the conditions of practical interest in combustion and industrial processes, that is, temperatures between 1000 and 1500 K. Recently, Hwang et al. 15 derived a rate constant for R1 in Ar † Part of the special issue "David M. Golden Festschrift". * To whom correspondence should be addressed. E-mail: pgl@ KT.DTU.DK.
in the temperature range of 960-1150 K from modeling the effect of SO 2 addition on the OH concentration profile for H 2 oxidation in a shock tube. However, the only direct measurements of the rate constant using nitrogen as collision partner were obtained at room temperature. 8 The objective of the present work is to derive a rate constant for the thermal dissociation of SO 3 in the 1000-1400 K range from flow reactor experiments with nitrogen as inert gas. A gas containing a mixture of SO 2 and O 2 in N 2 is led to a catalyst, where SO 2 is partly oxidized to SO 3 at 673 K. The resulting gas is then led to a flow reactor, where SO 3 is converted back to SO 2 by thermal dissociation. The fractional conversion of SO 3 in the homogeneous reactor provides a measure of the value of k 1b . The results are compared to the RRKM predictions for the SO 2 + O (+N 2 ) reaction. In addition, the more accurate value available for k 1 allows for a reassessment of the rate constant for the reaction SO 3 + O f SO 2 + O 2 (R2) obtained from flame measurements. [12] [13] [14] 
Experimental Section
The source of SO 3 in the present study is oxidation of SO 2 over a KCl-doped V 2 O 5 -WO 3 -TiO 2 catalyst. Oxidation of SO 2 to SO 3 is a concern in selective catalytic reduction (SCR), a common technology used for the removal of nitrogen oxides in flue gas by reaction with NH 3 . Since the presence of SO 3 is detrimental to the ability of vanadium catalysts to remove NO, 16 ,17 oxidation of SO 2 over commercial catalysts has been the subject of recent research work. Zheng and Jensen 18 studied the kinetics of SO 2 oxidation over SCR catalysts provided by Haldor Topsøe A/S. They tested catalysts with different concentrations of the active component V 2 O 5 (<10 wt %) and WO 3 (5-13 wt %). The catalysts were doped with KCl and K 2 SO 4 at different levels by a wet impregnation method at room temperature at 0.8 bar absolute pressure followed by drying at 323 K for 15 h. Zheng and Jensen found that, at 673 K, the activity of the doped catalyst for SO 2 oxidation was more than an order of magnitude higher than that of a fresh catalyst and the SO 2 conversion efficiency was fairly constant over time. The catalyst used in this work is the KCl-doped 7.3 wt % V 2 O 5 -WO 3 -TiO 2 catalyst from the work of Zheng and Jensen. 18 The experimental setup consisted of two quartz reactors in series in separate ovens. In the first reactor, SO 2 was oxidized to SO 3 over the doped V 2 O 5 -WO 3 -TiO 2 catalyst. The temperature along the catalytic reactor was set to 673 K. The product gas from the first reactor was fed into the second reactor through a heated line at 415 K in order to prevent condensation. The second reactor was homogeneous, operated at high temperatures (up to around 1400 K) to promote the conversion of SO 3 to SO 2 .
A schematic of the experimental setup is presented in Figure  1 . Sulfur dioxide, oxygen, and nitrogen were mixed in a crossjoint and directed either to bypass (the flow meter, G) or to the catalytic reactor (B). The bubble flow meter served to measure the flow of the input gases from the gas cylinders as a check for mass flow meters. The output of the catalytic reactor was directed either to the homogeneous reactor (C) or to the gas conditioning and analyzers (F). Bypass lines were available for both reactors so that input and output gases could be analyzed and the setup could be used in a flexible way. Prior to the analyzers, a condenser (D) and filters (E) were located to protect the analyzer from any aerosols and/or condensed liquids.
The catalytic reactor was a heterogeneous quartz reactor with a 2 cm inner diameter. The catalyst was cut into pieces (roughly 1.5 cm × 1.5 cm) and stacked upon a porous plate in the isothermal zone of the reactor. The total length of the reactor occupied by the catalyst material was 16 cm. This reactor was operated at 673 K, and the reactor residence time was about 3 s.
The homogeneous reactor consisted of a quartz tube located in a three-zone electrically heated oven. No gases were added to the mixture between the first and the second reactor and the reactants entered the homogeneous reactor premixed and were heated together. The tubes used for the second reactor were designed to approximate plug flow in the laminar flow regime.
The reactor temperatures were controlled with thermocouples with an accuracy of (5 K. During experiments, the thermocouples were placed outside the reactor to avoid contact with the reacting gases but the temperature profiles were obtained from probing inside the reactor with an inert flow. Characteristic temperature profiles for the reactor are shown in Figure 2 . In most of the temperature range investigated, a flat temperature profile was obtained in the isothermal region of the reactor, but at the highest temperatures, variations within (15 K were observed.The concentration of SO 2 was measured continuously by a UV analyzer with an accuracy of (3%. 
Numerical Procedure and Reaction Mechanism
The experimental results were interpreted in terms of a detailed reaction mechanism. Since the homogeneous reactor was designed to approximate plug flow, the reactor results were modeled with SENKIN, 19 which is part of the CHEMKIN library. 20 SENKIN performs an integration in time. The results of the SENKIN calculations were compared to experimental data using the nominal residence time in the isothermal part of the reactor.
The reaction mechanism consisted of a H 2 /O 2 subset and a full description of the H/S/O reaction system. The H 2 /O 2 subset was included in the model to account for effects of water vapor. Presence of water vapor, even in small concentrations, may conceivably lead to an O/H radical pool, initiated by the reaction The SO 2 /SO 3 subset of the mechanism is listed in Table 1 . With a few exceptions, the H/S/O subset and the corresponding thermochemistry were adopted from previous work by the authors. 4, 6 The rate coefficients for SO 2 + O (+N 2 ) ) SO 3 (+N 2 ) (R1b) were estimated from RRKM calculations as part of this study (described below) and used in the modeling. In addition to thermal dissociation of SO 3 (R1b), reactions that consume SO 3 include SO 3 + O (R2), SO 3 + H (R3b), and SO 3 + HO 2 (R4b). Also, the oxidation of SO 2 to SO 3 must be taken into consideration; this may occur through the reaction of SO 2 with O (R1) or with OH, either directly (R3) or through HOSO 2 (R4, R5).
The reaction SO 3 + O ) SO 2 + O 2 (R2), an important consumption step for SO 3 under the present conditions, has not been measured directly, and the rate constant is associated with a considerable uncertainty. 5, 6 To obtain a reliable estimate of R2 in the temperature range of the present work, we reinterpreted the flame data of Smith et al. 12 They conducted experiments on a low-pressure CO/O 2 /Ar flame doped with SO 2 . On the basis of measured profiles of SO 2 , SO 3 , O 2 , and O, Smith et al. were able to derive rate constants for reactions R1 Ar and R2 in the temperature range of 1435-1850 K. We take a different approach and look at the lower temperature part of the flame closer to the burner surface. In this part, [SO 3 ] builds up and peaks at a location corresponding to a temperature of 1269 K. At this point in the flame, the net SO 3 formation rate Ṙ SO3 ) 0. A reaction analysis shows that SO 3 is formed by reaction R1 Ar and consumed almost solely by reaction R2; the temperature is too low for reaction R2b to contribute significantly to the decomposition of SO 3 . At this location
The value of k 2 is then easily derived Since the concentration of the O atom drops out of the equation, the uncertainty in the value of k 2 is associated with uncertainties in k 1,Ar (adopted from Naidoo et al. 9 ) and the measurements of [SO 2 ], [SO 3 ], and flame temperature. We obtain a value of k 2 (1269 K) ) 6.9 × 10 10 cm 3 mol -1 s -1 with an estimated uncertainty of less than a factor 3. The rate coefficient for R2 is then estimated by adopting the activation energy of 25.5 kJ/ mol for the reaction determined by Smith et al. 12 (see Table 1 ), yielding a rate constant of k 2 ) 7. yields only a small correction in this value (k 2 (1685 K) ) 1.4 × 10 11 cm 3 mol -1 s -1 ).
Our preferred rate constant for R2 is compared with values reported from flame studies in Figure 3 . Apart from the high value recommended by Schofield 23 from a review of early flame measurements, the data are in good agreement. Data from reactor studies of the reaction in the same temperature range (not shown) span more than 5 orders of magnitude and are clearly outside the uncertainty limits of the present recommendation. The flow reactor work of Burdett et al. 24 on the reverse reaction SO 2 + O 2 ) SO 3 + O (R2b) in the 900-1350 K range must be in error, since their derived value of k 2b corresponds to k 2 ≈ 10 17 cm 3 mol -1 s -1 at 1000 K, that is, much larger than collision frequency. On the other hand, the value proposed by Alzueta et al. 6 from the analysis of batch reactor data 25 at 1173-1323 K is 2 orders of magnitude lower than the rate constants derived from flames. Such a low value is incompatible with the flame results as well as with the present experimental results; this is discussed further below. Our current thinking is that the batch reactor data may have been influenced by surface loss of SO 3 .
Results and Discussion
The experiments were performed at atmospheric pressure with temperatures in the homogeneous reactor in the range 973-1423 K. Typical conditions involved SO 3 and SO 2 concentrations into the homogeneous reactor of about 500 ppm, with around 5% O 2 in N 2 . Also, trace amounts of water vapor were present, estimated to be in the range of 30-150 ppm. 26 A typical experimental run is shown in Figure 4 . At t ) 0, only the nitrogen and oxygen valves were turned on and the two reactors The data shown are obtained in the present work (pw) and from flame measurements: Schofield, 23 Merriman and Levy, 14 and Smith et al. 12 ,13
were bypassed. Then, SO 2 was supplied to the system, and the inlet SO 2 concentration was measured. The reactant gas mixture was then fed into the catalytic reactor, resulting in a rapid oxidation of SO 2 . The initial conversion was more than 80%, but over time the conversion efficiency decreased, and in about 45 min, the SO 2 concentration stabilized at about 500 ppm. The conversion efficiency of the catalytic reactor depended on the SO 2 /O 2 ratio; a 35-60% conversion of SO 2 to SO 3 was observed for SO 2 /O 2 ratios between 0.01 and 0.1. Once the SO 2 concentration out of the catalytic reactor was stabilized, the product gas was fed into the homogeneous reactor. The temperature in the homogeneous reactor was increased in steps of 25 K above the chosen starting temperature, securing steadystate conditions between each temperature increment. As indicated by the results of Figure 4 , thermal dissociation of SO 3 was very slow below 1100 K and subsequent experiments emphasized temperatures above this value. Experimental results for the decomposition of SO 3 in the temperature range of 1050-1425 K are shown in Figure 5 . The five experimental runs cover sulfur oxide levels in the range of 580-1050 ppm and oxygen concentrations of 2.6-5.0%. Over this temperature range, the SO 3 conversion increased from being negligible to being almost complete. The oxygen level affects the oxidation of SO 2 to SO 3 in the catalytic reactor but has little effect on the SO 3 decomposition in the homogeneous reactor. Figure 6 compares selected experimental data (sets 1 and 4) to modeling predictions with the detailed reaction mechanism (solid lines). Without any adjustments, the kinetic model is seen to describe the experimental results quite well. For all sets, the kinetic model is in agreement with the experimental data within experimental uncertainty.
Sensitivity analysis of the calculations with the detailed chemical kinetic model shows that the SO 3 decomposition rate is only sensitive to two reactions
The chemistry is not affected by the trace impurities of water vapor present.
The rate constant of reaction R1b was determined from optimization of the value of k 1b at selected experimental conditions using the detailed chemical kinetic model. Figure 7 summarizes the values of k 1b obtained from the experimental runs. We have disregarded data obtained at low (<20%) or high (>80%) conversions of SO 3 . There is some scatter in the data, but within the uncertainty, values appear to be independent of the SO x inlet level and the O 2 concentration, as would be expected. The flow reactor data are consistent with a rate constant for SO 3 + N 2 h SO 2 + O + N 2 of 5.7 × 10 17 exp-(-40000/T) cm 3 /(mol s) in the temperature range of 1273-1348 K.
Similar, but slightly lower, values of k 1b could be obtained from a simple analysis of the R1b-R2 reaction sequence, assuming the oxygen atom is in the steady state. Reaction R2 can be assumed to be irreversible, since the reverse step, SO 2 + O 2 , is endothermic by about 150 kJ/mol. The decomposition rate for SO 3 can be written as (2) The gas is fed to the catalytic reactor, bypassing the homogeneous reactor. The products from the catalytic reactor are analyzed. (3) After the catalytic reactor has achieved steady-state operation, the product gas from this reactor is fed into the homogeneous reactor (operated at 923 K). The product gas from the homogeneous reactor is analyzed. (4) (5) (6) (7) (8) (9) (10) Step 3 is repeated for temperatures of 948, 973, 998, 1023, 1048, 1073, and 1176 K. , from which k 1b can easily be obtained. Since R2 is comparatively fast according to the flame measurements, the inequality is almost fulfilled and the error in the values in k 1b from the simple analysis, compared to the detailed analysis, is only of the order of 30%. It is noteworthy that a very low value for k 2 , such as that proposed by Alzueta et al., 6 leads to
and thereby Ṙ SO3 ) 0. This is in conflict with the experimental observations; the present flow reactor data support the comparatively high value for k 2 derived from flames. The error analysis conducted includes an experimental uncertainty and a modeling uncertainty. The experimental uncertainty involves uncertainty in inlet concentrations, outlet concentrations, reactor residence time in the isothermal zone, reactor temperature, and the potential loss of SO 3 or O atoms on the reactor surface; the modeling uncertainty involves uncertainty in the value of k 2 . Of special concern, is the potential impact of reactions on the surface of the quartz reactor. Sulfur trioxide is known to absorb on glass surfaces where it may act to promote the recombination of atomic oxygen. 27, 28 However, an experiment conducted in a flow reactor with half the diameter (i.e., twice the surface-to-volume ratio) of the standard reactor yielded a value of k 1b , which within the scatter was in agreement with the data from the larger reactor. From an assessment of each contribution, we estimate the overall uncertainty in k 1b to be a factor of 2. Figure 8 compares the data for the thermal dissociation rate of SO 3 with the only other measurements of this reaction, the shock tube study of Astholz et al. 10 While the present study involved nitrogen as collision partner, Astholz et al. conducted their experiments in argon. The two sets of data appear to be consistent, but a direct comparison is difficult due to the differences in the temperature regime and bath gas.
In Figure 9 , the results are compared with the theoretical rate constant for the reverse reaction, SO 2 + O + N 2 f SO 3 + N 2 (R1), as well as selected literature results. The latter include the room-temperature result of Atkinson and Pitts, Jr. 8 and indirect measurements by Merryman and Levy from flames. 14 The results from the flow reactor study of Mueller et al. 7 and the shock tube study of Hwang et al. 15 on the reaction are not included, since they were obtained at higher pressures. The hightemperature data of Astholz et al. 10 and Smith et al. 12 are shown, even though they relate to argon as a bath gas. The values of k 1 [ The solid lines are the rate constant at 1 atm, while the dashed lines represent the low-pressure limit. The data shown are from the present work (pw) and from the literature: Atkinson and Pitts, Jr., 8 Merriman and Levy, 14 Astholz et al., 10 and Smith et al. 12 All data refer to the SO2 + O + N2 reaction, except the measurements of Astholz et al. 10 and Smith et al., 12 which were performed with Ar as the third body.
from the present work and from Astholz et al. were derived from k 1b through the equilibrium constant for the reaction.
The upper part of Figure 9 shows results over a broad range of temperature, while the lower part emphasizes the hightemperature results. The solid and dashed lines in Figure 9 denote the theoretical rate constant for SO 2 + O (+N 2 ) at 1 atm and at the low-pressure limit, respectively. The highpressure limit was taken from Naidoo et al. 9 Troe's unimolecular formalism has previously been applied to R1 with M ) Ar, to obtain the broadening parameter F c and, by fitting to measurements over 290-840 K, the average energy transfer per collision -〈∆E〉 ) 3000 J(T/298) -0.42 . 9 That representation of the falloff curves was reevaluated in this study for M ) N 2 . Collision rates with the bath gas were calculated in the same way as outlined earlier 9 based on σ ) 3.62 and /k ) 97.5 K for N 2 . To match the ratio k 1,0 (N 2 )/k 1,0 (Ar) ) 1.3 determined by Atkinson and Pitts at room temperature, 8 we chose -〈∆E〉 ) 5740 J for N 2 collisions and assumed the same temperature dependence as for Ar. The new broadening parameter is given in Table 1 , along with the k 1,0 expression for M ) N 2 . This expression fits the Troe formulation to within about 15%. Comparison with the expression for M ) Ar 9 indicates similar rate constants at the low-pressure limit, with k 1,0 (N 2 )/k 1,0 (Ar) ≈ 1.2 and little temperature dependence of this ratio.
The results in Figure 9 confirm that the recombination of sulfur dioxide with oxygen atoms has a positive activation energy at low temperatures, while at high temperatures the reaction rate decreases with temperature. The reaction appears to be in the falloff region at atmospheric pressure over a wide range of temperature, including the conditions of the present work. The value of k 1 derived from the flow reactor data is seen to be in good agreement with the theoretical rate coefficients. According to the present study, the rate constant using N 2 as collision partner does not deviate much from that using Ar. It is worthwhile to compare the present results with those of Mueller et al., 7 who studied the high-pressure falloff behavior of the reaction. Under the conditions of the present work (1000-1400 K, atmospheric pressure), their proposed rate constant for SO 2 + O (+N 2 ) is in very good agreement with the present work, being within 25% of our theoretical value. Within the uncertainty, the present results are also in agreement with the shock tube results of Hwang et al.; 15 they derived a value of k 1 of (3.9 ( 2.0) × 10 15 cm 6 mol -2 s -1 at 960-1150 K and pressures of 1.3-2.7 atm.
Concluding Remarks
On the basis of experiments conducted in a laminar flow reactor, a rate constant for SO 3 + N 2 f SO 2 + O + N 2 (R1b) of 5.7( -2.9 +5.7 ) × 10 17 exp(-40000/T) cm 3 /(mol s) was derived for the temperature range of 1273-1348 K and atmospheric pressure. The temperature and pressure dependence of the reverse reaction, SO 2 + O (+N 2 ), were estimated based on RRKM calculations for SO 2 + O (+Ar), 9 rescaling for N 2 . The theoretical rate coefficients agree with the experimental value within the uncertainty. On the basis of the flame measurements of Smith et al. 12 and the present value of k 1,Ar , the rate constant for SO 3 + O f SO 2 + O 2 (R2) was estimated to be 6.9 × 10 10 cm 3 mol -1 s -1 at 1269 K, with an uncertainty factor of 3. The recommended rate constant k 2 ) 7.8 × 10 11 exp(-3065/T) cm 3 mol -1 s -1 is consistent with other flame results as well as the present flow reactor data.
